Intraflagellar transport (IFT) is required for ciliary assembly and maintenance. While 17 disruption of IFT may trigger ciliary disassembly, we show here that IFT mediated 18 transport of a CDK-like kinase ensures proper ciliary disassembly. Mutations in 19 flagellar shortening 2 (FLS2), encoding a CDK-like kinase, lead to retardation of cilia 20 resorption and delay of cell cycle progression. Stimulation for ciliary disassembly 21 induces gradual dephosphorylation of FLS2 accompanied with gradual inactivation. 22 Loss of FLS2 or its kinase activity induces early onset of kinesin13 phosphorylation in 23 cilia. FLS2 is predominantly localized in the cell body, however, it is transported to 24 cilia upon induction of ciliary disassembly. FLS2 directly interacts with IFT70 and loss 25 of this interaction inhibits its ciliary transport, leading to dysregulation of kinesin13 26 phosphorylation and retardation of ciliary disassembly. Thus, this work demonstrates 27 that IFT plays active roles in controlling proper ciliary disassembly by transporting a 28 protein kinase to cilia to regulate a microtubule depolymerizer. 29 30 31 Chlamydomonas 3 34 Author Summary 35 Cilia or eukaryotic flagella are cellular surface protrusions that function in cell motility 36 as well as sensing. They are dynamic structures that undergo assembly and 37 disassembly. Cilia are resorbed during cell cycle progression. Dysregulation of cilia 38 resorption may cause delay of cell cycle progression, which underlies aberrant cell 39 differentiation and even cancer. Ciliary resorption requires depolmerization of 40 axonemal microtubules that is mediated by kinesin13. Using the unicellular green alga, 41 Chlamydomonas, we have identified a CDK-like kinase FLS2 that when mutated 42 retards cilia resorption, leading to delay of cell cycle progression. FLS2, a cell body 43 protein, is transported to cilia via intraflagellar transport upon induction of cilia 44 resorption. FLS2 directly interacts with IFT70 and loss of this interaction inhibits 45 transport of FLS2 to cilia and fails to regulate proper phosphorylation of kinesin13 in 46 cilia. 47 50 Cilia are microtubule-based cellular structures that extend from the cell surface. The 51 cellular motility and signaling mediated by cilia plays pivotal roles in physiology and 52 development [1, 2]. The medical importance of cilia is underscored by at least 35 53 ciliopathies that are caused by mutations in around 200 cilia-related genes [3]. 54 55
4

Introduction
The kinase activity of FLS2 is required for proper ciliary disassembly and 138 gradually down-regulated by dephosphorylation 139 Proteins often exhibit gel mobility shift in SDS-PAGE due to changes in the state of 140 protein phosphorylation. To detect possible changes in FLS2 phosphorylation, we 141 analyzed rescued cells expressing FLS2-HA during ciliary shortening induced by 142 NaPPi by immunoblotting. FLS2-HA did not show gel motility shift during the entire 143 course of ciliary disassembly (Fig. 3A) . The cell lysates were then analyzed in 144 Phos-tag SDS-PAGE followed by immunoblotting, which has a better separation of 145 phosphoproteins [37, 38] . Before NaPPi treatment (time 0), FLS2-HA exhibited 146 apparently two migrating forms (Fig. 3B ). The slower migrating form of FLS2-HA 147 gradually disappeared during ciliary disassembly, indicating that FLS2 is a 148 phosphoprotein in steady state cells and gradually dephosphorylated. Phosphatase 149 treatment confirmed the gel mobility shifts of FLS2-HA were indeed caused by 150 phosphorylation (Fig. 3B ).
152
To examine the relationship between FLS2 phosphorylation and its kinase activity, 8 153 FLS2-HA was immunoprecipitated from control cells and cells that underwent ciliary 154 disassembly for 180 min followed by in vitro kinase assay. The kinase activity of 155 FLS2-HA was greatly decreased at 180 min, indicating that the phosphorylation state 156 of FLS2 correlates with its kinase activity (Fig. 3C) . To test whether the kinase activity 157 of FLS2 is required for ciliary disassembly, a kinase-dead version of FLS2 (K33R) 158 tagged with HA was expressed in fls2 cells. In vitro kinase assay showed that K33R 159 mutant barely had any kinase activity (Fig. 3C ). Examination of the ciliary disassembly 160 kinetics of K33R mutant showed that ciliary disassembly defect in fls2 was not 161 rescued ( Fig. 3D ). Taken together, these data suggest that FLS2 is an active kinase 162 and gradually down-regulated due to dephosphorylation during ciliary disassembly 163 and its kinase activity is required for proper ciliary disassembly. Next, we were interested in understanding the working mechanism of FLS2 during 168 ciliary disassembly. We examined several factors that have previously been 169 implicated in ciliary disassembly. Chlamydomonas aurora-like kinase CALK, which is 170 a homologue of aurora-A, is phosphorylated during and required for ciliary 171 disassembly [7, 23, 39] . To examine whether FLS2 regulates CALK phosphorylation, 172 wild type (WT) and fls2 cells were induced to shorten their cilia by NaPPi treatment 173 followed by immunoblotting. CALK phosphorylation in fls2 was not affected as for ciliary disassembly and becomes partially phosphorylated at 60 min after NaPPi 184 treatment [13, 25] ( Fig. 4C ). We therefore examined whether FLS2 affects the 185 behaviors of CrKinesin13. Immunoblot analysis showed that loss of FLS2 did not 186 affect ciliary transport of CrKinesin13 but lead to early onset of CrKinesin13 187 phosphorylation already 10 min after adding NaPPi (Fig. 4C ). The kinase activity of 188 FLS2 was required for this inhibition as demonstrated by using a kinase-dead mutant 189 K33R (Fig. 4D ). These data suggest that at least one of the mechanisms of FLS2 in It was intriguing to learn the ciliary shortening phenotype of an fls1/fls2 double mutant. 208 However, it was unsuccessful to obtain such a mutant by crossing fls1 and fls2. We of ciliary disassembly, FLS2-HA was transported to cilia ( Fig. 5A and B ). FLS2-HA in 226 cilia was associated with the axoneme (Fig. 5C ). To determine whether transport of 227 FLS2 into cilia upon induction of ciliary disassembly also occurs under physiological 228 conditions, we examined ciliary disassembly during zygotic development. 229 Immunostaining analysis showed that FLS2-HA also increased in cilia of zygotes that 230 underwent ciliary disassembly ( Fig. 5D ).
232
The increase of FLS2 in cilia was rapid. As early as 10 min after induction of ciliary 233 disassembly, the increase of FLS2-HA was detected ( Fig. 5C and E). The increased 234 amounts of FLS2-HA in cilia between 10 and 120 min after induction of ciliary 235 disassembly was similar, which is indicative of increased ciliary trafficking of FLS2 236 rather than ciliary accumulation of FLS2 (Fig. 5E ). The continuous ciliary trafficking of 237 FLS2 during ciliary disassembly is also supported by the data that the ciliary form of 238 FLS2-HA showed different phosphorylation states during ciliary disassembly, which is 239 similar to the whole cell form of FLS2-HA ( Fig. 5E and Fig. 3B ). This data also 240 suggests that the phosphorylation state of FLS2 is not involved in ciliary trafficking of 241 FLS2. We further showed that K33R mutant of FLS2 was able to be transported to 242 cilia ( Fig. 5F ). Thus, FLS2 undergoes increased ciliary trafficking upon induction of 11 243 ciliary disassembly and its phosphorylation state and kinase activity are not required 244 for this process. We further showed that ciliary trafficking of FLS2-HA in fls1 was not 245 affected ( Fig. 5G ), indicating that FLS1 does not regulate ciliary trafficking of FLS2. 246 247 FLS2 is a cargo of IFT70 248 Though ciliary proteins may diffuse to cilia, IFT appears to be the major mechanism 249 for transporting ciliary proteins into cilia [41] [42] [43] . To determine whether IFT was 250 required for FLS2 transport, we took advantage of the temperature conditional To identify which IFT proteins may act as cargo adaptors for transport of FLS2, we 261 performed yeast two-hybrid screening by using FLS2 as a bait and each subunit of the 262 IFT complex (IFT-B and IFT-A) as a prey. FLS2 interacted only with IFT70 ( Fig. 6B ).
263
To determine the minimal segment of FLS2 required for this interaction, a series of 264 deletion mutants were probed for interaction with IFT70 by yeast two-hybrid assay 265 (Fig. 6C ). The C-terminal region apart from the kinase domain interacted with IFT70 266 while the N-terminal region containing the kinase domain did not. Interestingly, 267 various C-terminal segments all showed interaction with IFT70 but with reduced 268 capacity. This data may suggest that the C-terminal non-kinase region as a whole is 269 required for tight interaction with IFT70. To further verify this interaction, a GST 270 pull-down assay was performed. IFT70 was pulled down by the C-terminus of FLS2 271 (FLS2-CT) tagged with GST ( Fig. 6D ). Finally, we showed that FLS2 interacts with 272 IFT70 in vivo by immunoprecipitation ( Fig. 6E ). IFT70 is a protein with 15 tetratricopeptide repeats (TPRs) [46] . To determine the 275 regions of IFT70 that interact with FLS2, various deletion mutants of IFT70 as 276 indicated were tested for interaction with FLS2 by yeast two-hybrid assay (Fig. 6F) . It dimer, a pulldown assay was performed ( Fig. 7A ). Full-length of IFT70 and TPR4 294 deletion mutant could interact with the dimer. However, deletion of either TPR1, TPR2 295 or TPR3 abolished this interaction. As discussed above, we figured that deletion of 296 these TPRs would block ciliary assembly in live cells and it was not feasible to test 297 ciliary transport of FLS2 by using IFT70 deletion mutants. Because the C-terminal non-kinase domain of FLS2 was required for its interaction 300 with IFT70 ( Fig. 6C) , we decided to delete the C-terminus of FLS2 to see whether it 301 affects ciliary transport of FLS2 and ciliary disassembly. HA-tagged C-terminal 302 truncated mutant (ΔCT) of FLS2 was expressed in fls2 cells (Fig. 7B ). Upon induction 13 303 of ciliary disassembly, the truncated mutant failed to be transported to cilia in contrast 304 to full-length FLS2 (Fig. 7C) . In vitro kinase assay showed that the ΔCT mutant did 305 not affect the kinase activity of FLS2 (Fig. 7D) , indicating that the C-terminus only 306 functions in ciliary transport. Next, we examined the impact of the C-terminus of FLS2 307 on CrKinesin13 phosphorylation and ciliary disassembly. Similar to fls2, loss of 308 C-terminus of FLS2 failed to suppress CrKinesin13 phosphorylation ( Fig. 7E) and 309 could not rescue the ciliary disassembly defect of fls2 (Fig. 7F) . These data suggest 310 that transport of FLS2 to cilia regulates CrKinesin13 phosphorylation and ciliary 311 disassembly. In this report, we have identified a CDK-like kinase, namely FLS2 that is involved in 316 cilia resorption by a mechanism in which IFT transports FLS2 between the cell body IFT is well established for its function in ciliary assembly and maintenance [27, 28, 48] . 322 However, whether IFT actively functions in ciliary disassembly is not clear.
323
Inactivation of IFT motor kinesin-2 in temperature sensitive mutants of 324 Chlamydomonas induces deciliation as well as ciliary shortening [23, 29, 31] . region, raising the question of how they mediate ciliary disassembly that occurs at the 345 ciliary tip [49] . One may speculate that mammalian kinesin13s may also be 346 transported to cilia during ciliary resorption. 
